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NRL 5-m’ CHAMBER PRESSURIZATION EXPERIMENT:
PRESSURANT CONCENTRATION HISTORIES

INTRODUCTION

Carhart and Fielding {1] proposed suppression of unwanted, free-burning fires in pressurizable
spaces by the injection of nitrogen gas. Preliminary tests have demonstrated their concept [2-5].
Liquid-fuel (class B) fires in 0.27- and S-m?’ chambers at one atmosphere are quickly controlled by addi-
tion of nitrogen; flames extinguish at oxygen concentrations of 12 to 14% by volume, yet partial pres-
sure of oxygen is essentially unchanged. Thus, spaces remain habitable provided extinguishment is
timely and excessive accumulation of toxic combustion products is avoided. Additional advantages of
this suppression technique as compared to others include the inertness of nitrogen gas to machines,
electronics, electrical wiring, and air-purification devices. Further, a space can easily be returned to
normal condition following a suppression action.

This promising method, however, poses questions and problems that require exploration, some
perhaps not yet defined. Since fire suppression by nitrogen pressurization may be a last-resort method
used only after other methods have failed, well-developed-fire encounters are likely. Rapid extinguish-
ment becomes imperative —seconds may count. Thus, knowledge of the mixing rates of pressurant and
resident gases is essential, particularly at fire seats. Such conditions as extreme geometries, cluttered
spaces, nozzle design and location, injection times, or combinations of these affect gas-mixing rates. As
a result, it is conceivable that pockets of poorly mixed gas may in one case increase fire intensity or in
the other reduce the quality of the atmosphere to support life.

To explore pressurant gas concentration profiles during injection and to implement scale modeling
techniques, different sizes of enclosures with similar geometry are used. In this way, identity of con-
trolling parameters allows inference of concentration profiles in“other similar spaces and provides addi-
tional insight as to controlling mechanisms.

The Naval Research Laboratory (NRL) 5-m? chamber was one enclosure used in these studies.
This set of experiments was with minimal clutter and no fire. Pressurant gas injection times varied
from 8 to 30 s, depending upon nozzle size and configuration. Because of these short injection times,
large experimental distances (approximately 8 m), the relatively slow response times of chemical detec-
tors, and the need for information at several points in space simultaneously, we used fine-wire thermo-
couples to measure focal temperature histories. By this indirect method, we exploited temperature
differences between the pressurant gas stream and resident gas to infer local pressurant concentration
histories [6].

In this report, we describe the analysis and the evaluation of previously reported temperature and
pressure measurements.

DESCRIPTION OF EXPERIMENT

We have described the experiment previously [7-11]. Briefly, we blew pressurant gas from a pres-
sure tank at 6.5 atmospheres (659 kPa) via an actuated control valve, a 3-in. (7.62-cm) pipe. and one,
two, or three nozzles into a 5-m® chamber, initially containing one atmosphere of ambient air. This is
schematically shown in Fig. 1. We increased chamber pressures from one to two atmospheres (101.3

Manuscript submitted June 9, 1981,
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Fig. 1 — Schematic of apparatus

kPa to 202.6 kPa) while monitoring interior temperatures and pressures. To collect these data, we used
two Doric Data Loggers, each coupled to a magnetic-tape device. Each system scanned ten channels
with a scan time of about 0.5 s so that each thermocouple and pressure transducer output was recorded
at 0.5-s intervals. The two systems produced data on two magnetic tapes with channels 60 to 69 on one
and 70 to 79 on the other. We assured simultaneous operation of the two systems by use of a common
control circuit.

We conducted gas-mixing experiments with minimal clutter. The parameters are summarized in
Table 1. There are 12 sets of experiments: all sets but the first have three experiments each; the first
has nine. To generate the 12 sets, we adjusted three variables: nozzle array, nozzle diameter, and ther-
mocouple array. The three nozzle arrays included No. 1, the center nozzle only; No. I, the center plus
one end nozzle; and No. 111, all three nozzles (see Fig. 1). We used two nozzle diameters (2.54 ¢m and
1.52 cm) and two thermocouple arrays. In thermocouple array I, we placed 13 thermocouples along the
chamber axis in the airlock end of the chamber (see Fig. 1 and subtable in Table 2A). In array 11, we
shifted each thermocouple in array I by 0.457 m along radial lines, normal to the chamber axis and
making 45° angles with the horizontal, when viewed from the hatch end of the chamber (see Fig. 2).
Table 1 gives set numbers, designated run numbers, and NRL Memorandum Report numbers.

Our format for collecting data for each experiment was the same. With the pressure tank at 6.5
atmospheres and ambient temperature and the chamber at 1 atmosphere and ambient temperature, we
collected data for 30 s, then opened the controf valve and blew pressurant gas through the nozzles into
the chamber until its pressure increased to 2 atmospheres. We then closed the control valve and con-
tinued collecting data for a total time of 4 min. We edited the two data tapes and copied the edited data
onto a single tape with channels 60-69 preceeding 70-79 for each experimental run.
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Table | — Summary of 41 Gas-Mixing Experiments with Minimal Clutter

Set Nozzle Dr?aonzmzlt(::r Tg:;';g' Nu:}ber Run NRLRl:temo. Ref.
Number Array (cm) Array Runs Numbers No. No.
1 1 2.54 I 9 23-31 3740 7
2 11 2.54 | 3 32-34 3776 8
3 II 2.54 I 3 35-37* 3776 8
4 {1 1.52 I 3 39-41 3791 9
5 11 1.52 I 3 42-44 3791 9
6 I 1.52 I 3 45-47 3791 9
7 | 1.52 I 3 48-50 3792 10
8 I 1.52 11 3 51-53 3792 10
9 Il 1.52 Il 3 54.56* 3792 10
10 111 2.54 II 3 58-60 3793 11
11 Il 2.54 II 3 61-63 3793 11
12 I 2.54 II 3 64-66 3793 11

*Runs 38 and 57 were deleted.

ALUMINUM PLATES WITH
0.076m(3in.) X 0.076m(3in.)
MATRIX OF 330 TAPPED HOLES

LU76m

=0 SECTION B-8
END VIEW
SECTION A-A €
PLAN VIEW

Fig. 2 — Plan and end views of Tank 2 showing cylindricat
coordinates and matrix of 330 tapped holes
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DESCRIPTION OF ANALYSIS

The pressurant gas may be air or nitrogen, but it is assumed to have the same specific heat ratio
¥. one that remains constant over the temperature range of interest. The chamber volume is ¥ and ini-
tia} absolute temperature and pressure are T, and Py, respectively. The subscript zero denotes initial
condition. The total chamber molar contents N and pressure P are considered to be known functions of
time ¢, as is the total temperature 7T, of ihe influent pressurant. The pressurant flow rate dN/dr is sud-
denly increased from zero at time ¢ = 0 and suddenly dropped to zero at time ¢ = ¢, where ¢ _is time
of valve closure. During the filling interval 0 < 7 < 1., dN/dr may be constant or may vary gradually.
The chamber walls and any interior structure are considered isothermal at temperature 7,,. At a set of
n interior locations (index i), temperature histories 7T,(¢) are measured. The objective is to infer the
pressurant mole fraction history X,(r) corresponding to each 7,(r).

This problem is not strictly determinant for two reasons. First, good experimental evidence indi-
cates that the chamber contents are far from adiabatic. Gas-to-wall heat transfer from gas arriving at
each interior point of interest undoubtedly varies from point to point. However, quantification of such
spatial variation of heat-transfer effects on measured temperatures is a complex problem comparable to
that of determining transient pressurant distribution, the solution of which was our original purpose.
Thus, we make the modeling assumption that the molar gas-to-wall heat-transfer coefficient is indepen-
dent of interior position; the validity of this assumption depends on the extent to which spatial variabil-
ity averages out along fluid particle trajectories.

The second reason for indeterminacy is that after the pressurant enters the chamber its tempera-
ture 7, depends on age. "Old" pressurant is compressed in the chamber through a higher pressure ratio
than "new" pressurant which is added later, hence old pressurant tends toward a higher ternperature
relative to its value at entrance. Here we make a second modeling assumption, that the pressurant age
distribution is the same at every interior point.

Except for small volumes, at most a few diameters down-jet from each inlet nozzle. kinetic energy
of the fluid is thermodynamically negligible and no distinction need be made between total and static
temperatures within the chamber. Therefore, from the ideal gas law,

b= f RTPaN = RP [ T an = NRTP, (n

where ¢ denotes that the integration is over the total chamber contents, R is the universal gas constant.
and T is the molar mean temperature. The chamber content total internal energy U may be writlen

R
vy — 1
where again fc denotes that the integration is over the total chamber contents, v and u, respectively, are
local and mean specific internal energy: ¢, is molar constant volume specific heat; and u, corresponds to

Ty. This thermodynamic description, which is not in gquestion, and the two modeling assumptions
render our problem fuily determinate.

U= Nu =f,_u dN = Nlug + ¢, (T = Tl = Nlug + (T - T, (2)

To describe gas-to-wall heat transfer, we characterize the molar heat-transfer coefficient by a
dimensionless parameter 8, such that the local heat flow per mole, from gas at local temperature 7T to
the chamber wall at temperature T, is (8R/8) T — (T,). Here A is a characteristic time. Since tur-
bulent convective heat transfer is nearly proportional to flow velocity, which in turn is roughly propor-
tional to dInN/dr during filling, we take # = (dInN/dr)~! for the filling interval 0 < 1 € ¢.. During
this interval 8 should be nearly constant. After filling we take # as constant at its value just prior to the
time ¢ = . For post-filling times, ¢+ > ., B should decline to a much lower free-convection driven
value as filling turbulence decays. The heat-removal rate Q from total chamber contents may be writ-
ten

O = BRY 'f“<r— T)dN = BNRO (T — T,). (3)

4
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The temperature linearity exhibited by Egs. (1) to (3) significs that the temperature T, al a point
can be calculated as if resident air and pressurant were perfectly stratified and suddenly mixed adiabati-
cally at constant pressure to pressurant fraction X, Further, our assumption of uniform pressurant age
distribution means that the pressurant temperature for this calculation is the average temperature T, for
all the pressurant in the chamber. Thus, if the mean resident air temperature 7, is known in addition
10 the molar mean temperature T of chamber contents from Eq. (1), an internal energy summation
determines T, i. e,

NT = (N = N)T, + N, T, (4)
then
T,=XT,+00-X)T,. (5)
We have, finally, the pressurant mole fraction at any point,

Tu_ 7-, ‘ AN'O
XI=T_—‘__= - T,
T,- T A

P

(6)

7‘u—i-l _ "Tu_i
7, ~T T)

a

where X is the molar average pressurant fraction for the entire chamber contents.

To derive 7‘,‘ the first step is to determine 8 from experimental data. A control volume energy
balance gives

h, dN/di = (u, + RT,)dN/dr = dU/dt + Q, n

where /i, is the pressurant specific enthalpy corresponding to its supply temperature 7,. Combined with
Egs. (1) to (3} and the previously assigned value for 6, Eq. (7) yields for the filling interval

_ yT,— T - dT/dInN
(y — D(T =T

0< 1 <) (8)

<

and for the post-filling interval
dinlT — T,)/dt
(y — 1)/0,

where subscript ¢ denotes that # is evaluated just prior to time 1 = ¢

(r> 1), 9

And finally, with the resident gas and pressurant modeled as perfectly stratified, an energy balance
on the resident gas is written as a system,

d(Nyi,)  d(N4RT,/P) RN,

okl oRT,/ P+ BRNy
dr dt ]

By combining Eqs. (8) and (10), noting that 8dInN/dr = | and that dinP = dinN + dInT, one obtains

(T,~ Ty = 0. (10)

dT, = 1—5—'— T.(dnP) — ul(T, - T/y)dInP — T.dinTl. an

Whereﬂ. = (Ta— To)/(‘f"‘ To) .

An examination of the initial behavior of Eq. (11), i.e., with T, =Ty T = T, T, = TSO, and
P = P, at the time the control valve is opened (+ = 0), shows that

o = 1. a2

~ ¥(To- T,)(dinT/dinP)y + yT, — Ty
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Then, with Eq. (12) as a starting value of u, Eq. (11} is readily integrated numerically on the
basis of measured 7 and P data. This procedure, valid for both the filling and post-filling processes,
gives values of T,. Pressurant mole-fraction concentrations X; at any local point of interest are obtained
from Eq. (6). Comparison of X, and X values at any time 7 indicates pressurant excess or deficiency.

From scale modeling considerations previously reported [12], an appropriate dimensionless time 7
was described for both pressurization (1 < ¢.) and post-pressurization times (+ > ). The definition

was
r=X/X. U<1) (134)
and
==L s, (13b)
b, ‘
where
9r=_[dln(l —-/\7)] _ (13¢)
ar 1=y >0

In addition, a working hypothesis for scale modeling was stated. Irrespective of pressure level or pres-
surization rate, for a given enclosure geometry and nozzle configuration, at homologous model and pro-
lotype points, dimensionless pressurant deviation

£= (X~ X)X, (14)

is a unique function of 7.
REDUCED DATA

Data of each experimental run were collected into tables in which temperatures and pressures
were averaged at 1-s intervals, Tables 2A-43A (the A tables). The time + = 0 was arbitrarily taken at
the instant the control valve began to open. Total time intervals over which each run was considered
started at 1+ = —5 s and continued long enough to include desired information. The captions give run
number and nozzle configuration. In the upper-right-hand corner, a subtable gives the [ locations of
the 13 thermocouples and their cylindrical coordinates (r,8,z). As shown in Fig. 2, r = 0 is along the
chamber axis, and the plane z = 0 is normal to the axis and passes through the center nozzle with the
positive direction toward the air-lock end. The first four columns of these tables give, respectively,
time 1, absolute pressure of the pressure tank (Tank 1 in Fig. 1) in atmospheres, total temperature 7,
of inflowing pressurant in K, and absolute pressure P of the chamber in atmospheres. The next 13
columns, i.e., columns S through 17, give absolute temperatures in K for the 13 thermocouple loca-
tions. Notice that (J), when it follows an [ location, indicales an inlet-jet centerline.

in the facing B tables (Tables 2B through 43B), we present the inferred values of pressurant mole
fraction concentration X;; columns 8 through 20 give values for [ locations | through 13, respectively.
These [ locations correspond to the thermocouple locations in the A tables. The first seven columns
give the time 1, the molar mean temperature T in °C, the mean resident air temperature 7}, in °C, the
dimensionless molar heat-transfer coefficient 8, the ratio 8/6, where 6 is the defined characteristic time,
and the mean pressurant mole fraction X. Notice that Tables 2A and 2B give data for a single experi-
mental run and are on facing pages, as are all the A and B Tables.

Next, consider the sets of replicate runs as given in Table 1. Set 1 has nine such runs, while the
remaining eleven sets have three each. Our purpose is to organize our data by set into a convenient
form for comparison with other data according to our working hypothesis and to examine standard devi-
ations within our data sets.
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For example. Set 1. Table C gives mean values for the nine replicate runs 23 through 31
presented in Tables 2A und 2B through 10A and 10B. The headings for this table are the same as those

for the B wables. In addition. these mean values are at dimensionless times 7 taken arbitrarily at 0.03
intervals over the range 0.00 10 2,45, as interpolated from = values caleulated by Eg. €13) and appropn-
ate B tables. Set 1, Table DD gives standard deviations of the mean local pressurant fractions, and Set 1.
Table E gives the dimensionless pressurant deviations € for values of dimensionless time 7.

Similar Tables C. D, and E tollow tor cach of the remaining 11 scts. The zeros in these tables at
higher 7 values are due to limiting the number of data scans processed by the computer. Thus. for the
slower pressurant dumps, the calculation is turned off before » = 2.45,

DISCUSSION

We present results from 12 sets of replicated sequences that include 41 experimenta! runs with
minimal clutter in the NRL 5-m’ chamber. Pressurant concentration deviations (from perfectly mixed
mean values) for a range of,dimensionless times are inferred from measured local temperature his-
tories. We call this the thermal method and describe its thermodynamic analysis.

Standard deviations of local pressurant fractions show that the means of these values are statisti-
cally meaningful at dimensionless times 7 above 0.5 or 0.6, but below these values they are meaning-
less. We explain this condition as follows. First, the control valve is not instantaneous, but opens in
about 2 s. Second, stagnant chamber gases require sufficient momentum transport to drive the tur-
bulent. quasi-steady flow that the analysis assumes, and this process needs an interval of time to
develop after the valve opens.

We see evidence of this flow regime through its effect on values of the dimensionless volumeiric
heat-transfer coefficient 8 in the C tables. As dimensionless time passes, 3 values tend to constancy.
After the control valve is closed and momentum forces are overcome by viscous ones, turbulence
decays. As a result, 8 values decrease to much lower values and data scatter increases.

Improved flow measurement, pressure-tank pressure regulation, increased number of local mea-
surement points, and increased rates of data collection would improve data precision. Nevertheless, the
E tables show that dimensionless pressurant deviations € sensitively indicate gas-mixing rates. Positive
values of € signal a pressurant excess, negative values signal a deficiency, and values near zero signai
thorough mixing. The data show thorough mixing by dimensionless time + = 1.5.

Except for strong positive peaks under the inlet nozzles, data taken at stations along the chamber
center line show a pressurant defect which declines as the end of the chamber is reached. There is no
significant difference in this pattern for one-, two-, or three-nozzle cases. However, when observation
stations are located along the vessel radii. 0.6 of the distance to the wall and in a plane rotated 43° o
the horizontal, this is not true. At these locations, the single center nozzle configuration shows a pres-
surant deficiency in the center section that changes to an excess toward the chamber end. The two- and
three-nozzle configurations show an opposite effect.  Although not large, these concentration
differences are statistically significant. By dimensionless time r = 1.5, the data show thorough mixing.
No significant effect of nozzle diameter, and hence filling rate (varied by a factor of 3.5), is seen. To
exercise our model more severely, injection times can be extended and spaces made more cluttered.

e e mAEe it e —————
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